We herein report the preparation of AgAu nanotubes displaying controlled surface morphologies and optical properties by varying the reaction temperature during the galvanic reaction between Ag nanowires and AuCl 4 -(aq) . As the AgAu nanotubes presented similar sizes and compositions, they enabled us to isolate the influence of surface morphology and optical properties over their catalytic and plasmonic photocatalytic activities towards methylene blue oxidation. At 25 °C, AgAu nanotubes (AgAu 25) presented branched walls and surface plasmon resonance (SPR) band with low intensities in the visible were obtained. However, at 100 °C, the AgAu nanotubes (AgAu 100) presented smooth surfaces and SPR bands that closely matched the emission spectra of a commercial halogen-tungsten lamp. The AgAu 25 nanotubes displayed better catalytic performances in classical heterogeneous catalysis as a result of its branched walls that lead to increased surface areas relative to the smooth nanotubes. Conversely, AgAu 100 nanotubes showed better activities in plasmonic photocatalysis due to its broader and more intense SPR bands. Thus, our results demonstrate the potential of the control over morphological and optical features towards the optimization of distinct catalytic phenomena.
Introduction
Metal nanostructures have played a central role in several branches of science and technology including electronics, 1,2 photonics, 3-5 medicine, 6, 7 energy production, 8, 9 environmental remediation, 10, 11 and catalysis. [12] [13] [14] [15] Among various metallic nanomaterials, those based on gold (Au) and silver (Ag) have attracted special attention due to their fascinating optical properties in the visible range as a result of their localized surface plasmon resonance (LSPR) excitation. 16, 17 In addition to properties in sensing (enhanced spectroscopies), the LSPR excitation can also be put to work towards the promotion and/or enhancement of chemical processes, the so-called plasmonic catalysis that has emerged as a new frontier in the field of photocatalysis. [18] [19] [20] Nanoparticles based on noble metals have also been widely employed in the field of heterogeneous catalysis and electrocatalysis due to their good stability and catalytic activities towards a wealth of transformations including oxidations, 15, [21] [22] [23] reductions, 9, 24 coupling reactions, [25] [26] [27] [28] among others. 8, [29] [30] [31] In these applications, it has been established that the precise control over their morphological and optical properties is a promising strategy to enhance/ optimize their performances. 29, [32] [33] [34] [35] [36] [37] Even though a large number of protocols have been described for the synthesis of plasmonic nanoparticles, new protocols that further enable the understanding and correlation of how catalytic responses are dependent on their morphological and optical features are needed to offer further insights into the rational design of catalysts with improved performances. Moreover, difficulties regarding their controlled synthesis in relatively larger scales still make their application in real catalytic and photocatalytic systems very challenging. 35, 38 We report herein the synthesis, in relatively large scales, of well-defined AgAu nanotubes displaying controlled and well-defined surface morphologies and optical properties. The AgAu nanotubes were obtained by the galvanic replacement reaction between Ag nanowires and AuCl 4 -ions at 25 or 100 °C. In this case, the reaction temperature control enabled us to maneuver the surface morphology and optical properties of the nanotubes in the visible range. The AgAu nanotubes were then employed as model catalysts towards the methylene blue oxidative degradation due to its importance in the field of environmental remediation. More specifically, regarding this transformation, the catalytic performance was investigated towards the "classical" heterogeneous catalysts and plasmonic photocatalysis. We focused on the understanding on how the catalytic and plasmonic photocatalytic activities of the AgAu nanotubes were dependent on their surface morphologies (branched or smooth surfaces) and optical properties (position and intensity of SPR extinction bands). 2 O, ≥ 95%, Sigma-Aldrich) were used as received.
Experimental
The scanning electron microscopy (SEM) images were obtained using a JEOL field emission gun electron microscope JSM6330F operated at 5 kV. The samples were prepared by drop-casting an aqueous suspension containing the nanostructures over a silicon wafer, followed by drying under ambient conditions. High-resolution transmission electron microscopy (HRTEM) images were obtained with a JEOL JEM2100 microscope operated at 200 kV. Energy dispersive X-ray (EDX) spectra were obtained in this instrument with an EDX detector configuration which has a total solid angle of ca. 0.13 srad. Samples for HRTEM were prepared by drop-casting an aqueous suspension of the nanostructures over a carbon-coated copper grid, followed by drying under ambient conditions. UV-Vis spectra were obtained from aqueous suspensions containing the nanostructures with a Shimadzu UV-1700 spectrophotometer. The Ag and Au atomic percentages were measured by inductively coupled plasma optical emission spectrometry (ICP OES) using a Spectro Arcos equipment. The X-ray diffraction (XRD) data were obtained using a Rigaku -Miniflex equipment, CuKα radiation. The diffraction pattern was measured in the range of 10-90 degree with a 1 degree min -1 angular speed scan.
Synthesis of Ag nanowires
In a typical procedure, 250 mL of EG was pre-heated for 1 hour at 140 °C with vigorous stirring, followed by the addition of 10 mL of 3 mmol L -1 HCl (in EG). After 10 min, 150 mL of 94 mmol L -1 AgNO 3 and 150 mL of 147 mmol L -1 PVP (both in EG) were simultaneously added dropwise to this mixture (at a speed of 45 mL h -1 ) and left overnight, yielding a beige suspension. The reaction flask was then allowed to cool down to room temperature.
Synthesis of AgAu nanotubes with controlled surface morphologies
In a typical procedure, a mixture containing 250 mL of PVP aqueous solution (0.1 wt.%) and 50 mL of as prepared suspension containing the Ag wires was stirred at 25 or 100 °C for 10 min in a 1 L round-bottom flask. Then, 100 mL of a 0.6 mmol L -1 AuCl 4 -(aq) solution was added dropwise and the reaction allowed to proceed at 25 or 100 °C for 1 h. After the syntheses, the reaction mixture volumes were reduced to 25 mL and washed twice with a 35 g mL -1 NaCl (aq) solution and three times with water by successive rounds of centrifugation at 7000 rpm and removal of the supernatant. After washing, the AgAu nanomaterials were suspended in 400 mL of PVP aqueous solution (0.1 wt.%) and storage at room temperature. For the catalytic applications, 10 mL of the AgAu nanotubes suspended in PVP aqueous solution (0.1 wt.%) were washed twice with water by successive rounds of centrifugation at 7000 rpm and removal of the supernatant and concentrated to 1 mL with water. After this step, the concentration of metal (Ag + Au) in the nanoparticles suspensions corresponded to 5.5 mmol L -1 (as measured by ICP OES).
Photocatalytic oxidation of methylene blue
Typically, 10 mL of a 10 mg L -1 MB (methylene blue) aqueous solution and 1 mL of the suspension containing the washed catalysts were added in a 25 mL round-bottom flask. The resulting mixture was stirred for 1 h in the dark to achieve the adsorption and desorption equilibrium. Subsequently, the suspension was irradiated with a 300 W halogen tungsten lamp (OSRAM) mounted at a 2 cm distance from the glass reactor. During the experiments, 1 mL aliquots were taken and centrifuged at 15,000 rpm for 10 min to isolate the supernatant. Then, the UV-Vis spectra of the supernatant were measured as a function of time in the 500 to 750 nm range to probe the MB photodegradation. A calibration curve for absorbance as a function of the MB concentration was employed in order to monitor the transformation. The experiments employing hydrogen peroxide and tert-butyl hydroperoxide were performed by adding stoichiometric amount of oxidants necessary to the complete oxidation of methylene blue after 1 h of stirring in the dark, which correspond to 1.7 and 2.2 µL of hydrogen peroxide and tert-butyl hydroperoxide, respectively.
Results and Discussion
Our studies started with the synthesis of Ag nanowires displaying well-defined shapes, smooth surfaces, and monodisperse sizes by a polyol approach 39 as shown in Figure 1 .
The obtained Ag nanowires were 155 ± 15 nm in width and > 1 µm in length. The histograms of size distribution (Figures S1A and S1B) indicate that the nanowires displayed a narrow size distribution, demonstrating the robustness of this approach for the synthesis of Ag nanowires in a large scale, which corresponds to an increase of 100-folds compared to the conventional polyol protocol. 39 Figures 1B-1D depict high-resolution transmission electron microscopy (HRTEM) images for the Ag nanowires, indicating that they present sharp tips ( Figures 1B-1C) and are enclosed by {200} sides facets with lattice spacings of 2.03 Å of characteristic of fcc Ag ( Figure 1D ) in agreement with previous reports. [39] [40] [41] As illustrated in Scheme 1, the strategy for the synthesis of AgAu nanotubes displaying controlled surface morphologies was based on the galvanic replacement reaction between Ag nanowires and AuCl 4 -(aq) in the presence of PVP at different temperatures: 25 and 100 °C. Therefore, the nanotubes obtained in the synthesis carried out at 25 and 100 °C were denoted AgAu 25 and 100, respectively.
At 25 °C, AgAu nanotubes displaying branched surfaces. This occurs due to the precipitation of AgCl crystals (Kps ca. 1.8 × 10 -10 ) onto the surface of Ag during the galvanic replacement, which may act as templates for further Au deposition by an island-mode growth, which is associated with a lower rate of reconstruction processes such as Ostwald ripening and atomic diffusion. 35, [42] [43] [44] On the other hand, at 100 °C, no precipitation of AgCl crystals is observed, which drives the Au deposition favored by surface reconstruction/diffusion processes leading to the formation of hollow structures with smooth surfaces that replicate the surface morphology of the Ag nanowires used as templates. 42, 43, 45 Thus, by employing this approach, it is possible to obtain AgAu nanotubes displaying distinct surface morphologies and thus systematically investigate this effect towards their optical, catalytic, and photocatalytic properties. It can be observed that both nanotubes displayed well-defined shapes and relatively monodisperse sizes (also depicted by their size distribution histograms in the Figures S1C-S1F ). The elongated structures (from the Ag nanowires templates) was kept in both cases. However, it is very clear that the nanotubes displayed significant differences in their surface morphologies as a function of the temperature in which the galvanic reaction was performed. More specifically, at 25 °C AgAu nanotubes displayed branched surfaces, while nanotubes with smooth walls were obtained at 100 °C. Also, both AgAu nanotubes presented hollow interiors, which can be clearly visualized from the HRTEM images ( Figures 2B-2C and 2F-2G) due to differences in mass-thickness contrast at the center of each nanotube. The AgAu 25 and AgAu 100 nanotubes were 178 ± 15 and 203 ± 31 nm in width, respectively, and their shell thickness corresponded to 44 and 40 nm, respectively. Interestingly, the HRTEM images for AgAu 25 and AgAu 100 ( Figures 2D and 2H, respectively) showed that AgAu 25 presented a polycrystalline surface comprised of crystalline islands that are randomly oriented as a consequence of the island-mode Au deposition at 25 °C. However, AgAu 100 displayed a surface enclosed by {200} side facets similarly to the original Ag nanowires as a result of the Au epitaxial deposition over the surface of the Ag nanowires. 42, 43 EDX spectra obtained from individual AgAu 25 ( Figure 2I ) and AgAu 100 ( Figure 2J ) nanotubes revealed that their composition corresponded to 30.0 and 26.6 at.% in terms of Au, respectively, in agreement with ICP OES results, which showed 26.7 and 27.2 at.% in terms of Au for AgAu 25 and AgAu 100, respectively. The XRD patterns (Figure 3 ) confirmed the formation of AgAu nanostructures in both cases without the presence of any crystalline impurities.
However, as both fcc Ag and Au present a mismatch of only 0.17% in their lattice constants, 46 the XRD diffraction peaks for these two species could not be resolved under our experimental conditions. Thus, the similar compositions, sizes, and wall thicknesses of the AgAu nanotubes enabled us to isolate the effect of the variation in the surface morphologies over their optical and catalytic properties. The optical properties of the AgAu nanotubes was investigated by UV-Vis spectroscopy (Figure 4) .
. (A, E) SEM and (B-D, F-H) HRTEM images for (A-D) AgAu 25 and (E-H) AgAu 100 nanotubes. The images in (D) and (H) correspond to phase contrast images of the areas highlighted by the red squares in (C) and (G), respectively. (I) and (H) show EDX spectra obtained from individual (I)
Our results revealed the disappearance of the band associated to LSPR excitation in the Ag nanowires (black trace) at 405 nm in the nanotubes as a consequence of Ag dissolution from the template by the galvanic reaction with AuCl 4 -(aq) ions together with the Au deposition. 43,45,47-49 35,39,40 In addition, the SPR spectra for both AgAu nanotubes displayed significant red-shifts of their SPR bands relative to the Ag nanowires, which is in agreement with the Au deposition as well as the formation of the hollow interiors during the galvanic reaction. 42, 43 As depicted by the inset in the Figure 4 , the AgAu 100 nanotubes displayed two SPR bands (one shoulder located at 510 nm and a broad signal centered at 690 nm) with significantly higher intensities as compared the only broad band centered at 850 nm presented by the AgAu 25.
It is important to note that the UV-Vis spectrum for AgAu 100 nanotubes closely matches the emission spectra of a commercial halogen-tungsten lamp ( Figure S2 ). Therefore, they represent potential candidates for improved efficiencies as plasmonic photocatalysis employing commercial halogen-tungsten lamp as the energy input. 47, 50 Conversely, due to the presence of small islands/branches at the surface as well as hollow interiors, the AgAu 25 nanotubes represent a promising catalyst for application in conventional catalytic process (without light) as the branches/islands at the surface is expect to lead to increased surface areas relative to the smooth nanotubes. 44, 51 Therefore, after the synthesis of AgAu nanotubes displaying controlled surface morphologies and optical properties, we turned our attention for the investigation of their catalytic and photocatalytic properties towards an oxidative process. To this end, we employed methylene blue oxidative degradation as a model reaction due to its relevance in the field of environmental remediation. [52] [53] [54] Figures 5A and 5B show the kinetics profiles for methylene blue adsorption in the dark using different initial concentrations of this substrate in the presence of AgAu 25 and AgAu 100, respectively. Interestingly, for both AgAu nanotubes and for all employed initial concentrations of methylene blue, the equilibrium of adsorption/desorption was reached within 1 h. [55] [56] [57] However, in the presence of AgAu 25 ( Figure 5A ), the amount of methylene blue adsorbed per mass unit of catalyst (q) were significant higher for all concentrations as compared to AgAu 100 ( Figure 5B ). This behavior can be associated to the morphological features presented by AgAu 25 such as the presence of islands/branches at the surface that lead to increased surface areas relative to the smooth nanotubes.
44,51 Figure 5C shows a linear transformation of the curves depicted in Figures 5A and 5B, which was determined by plotting the inverse of the number of mols of methylene blue adsorbed onto AgAu nanotubes (1 / n ads ) as a function of final concentration of methylene blue in solution (C). Thus, according to the Langmuir model (equation 1), we can determine the constant of adsorption of methylene blue (k) for each AgAu nanotube under our employed conditions.
(1) Herein, the calculated adsorption constants for methylene blue (k) corresponded to 9.75 × 10 -3 and 4.32 × 10 -3 L mol -1 for AgAu 25 and AgAu 100, respectively, which is also in agreement with previous reports. illumination (left column) and without visible-light illumination (right column) using AgAu 25 (blue trace) and AgAu 100 (red trace) as catalysts and a commercial halogen-tungsten lamp as the light source (left column).
For comparison, reactions without any catalyst (black trace) were also performed for all oxidizing systems. In all experiments, no organic degradation products were identified by gas chromatography mass spectrometry (GC-MS) analyses, which indicate the complete mineralization of methylene blue during the oxidation processes. 47, 58, 59 In fact, as expected, a progressive increase in the methylene blue conversion was observed when stronger oxidizing agents were employed. More specifically, the conversion of methylene blue using both AgAu nanotubes as function of the oxidizing agent increased in the following order: atmospheric air (Figures 6A-6B) < hydrogen peroxide ( Figures 6C-6D ) < tert-butyl hydroperoxide ( Figures 6E-6F ). However, when the reactions were performed with and without illumination an interesting tendency was observed: without illumination (right column), the AgAu 25 nanotubes showed a superior catalytic activity compared to AgAu 100 in agreement with their larger surface area corroborated by the the adsorption experiments. However, under visible light illumination (left column), AgAu 100 presented superior performances. This behavior can be associated with two very important features for photocatalytic processes presented by AgAu 100: (i) broader and more intense SPR bands in the visible range, and (ii) close matching between UV-Vis extinction spectrum for the photocatalyst and the emission spectra of the light source employed in the experiments. Thus, under the same experimental conditions, AgAu 100 tends to absorb more efficiently the light energy and enhance the photo-oxidative process in greater magnitude compared to AgAu 25. 47 This results indicate that the control over the morphological and optical properties play a very important role in the optimization of catalytic and photocatalytic processes. Figure 6G shows the catalytic stability for the AgAu 25 (blue bars) and AgAu 100 (red bars) nanotubes towards methylene blue oxidation using tert-butyl hydroperoxide under visible light illumination (the most severe condition employed) expressed as a function of methylene blue conversion and the number of catalytic cycles. Interestingly, no significant loss of catalytic activity was detected even after 10 catalytic cycles for both materials. This result is in agreement with the SEM images for both materials after the catalytic experiments ( Figure S3 ), which showed both AgAu nanotubes remained unchanged (without any aggregation or morphology loss), thus representing promising candidates for application as catalysts towards oxidation reactions without the need of a support to stabilize the catalyst.
Conclusions
In this paper, we systematically investigated the dependence of the the catalytic and plasmonic photocatalytic performances of AgAu nanotubes as a function of their surface morphologies and optical properties towards the oxidative degradation of methylene blue. We started by developing the synthesis of AgAu nanotubes having smooth or branched surfaces by controlling the temperature during the galvanic replacement reaction between Ag nanowires and AuCl 4 -(aq) . This difference in surface morphologies also led to distinct optical properties (SPR extinction) in the visible range. Interestingly, the catalytic and photocatalytic performances of the AgAu nanotubes towards the methylene blue oxidative degradation showed a strong dependence on their morphological and optical properties. More specifically, AgAu 25 showed a superior catalytic performance without visible-light illumination due to its higher surface area as a consequence of its branched walls. However, AgAu 100 showed superior activity in the experiments performed under visible light illumination due to its broader and more intense SPR bands which close matched the emission spectrum of the light source employed in the photocatalytic reactions. These results show that surface morphologies and optical properties play an important and distinct role over the optimization of the catalytic or plasmonic photocatalytic properties.
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